We have used the 830 nm, subpicosecond output of a mode-locked Ti:sapphire laser, together with subpicosecond 3.55 m pulses from a synchronously pumped optical parametric oscillator, to perform room-temperature, time-resolved, differential transmission measurements on a multiple quantum well structure with AlGaSb barriers and GaInSb/InAs superlattice wells. From these measurements, we have determined a Shockley-Read-Hall rate of 2.4ϫ10 8 s Ϫ1 and an Auger coefficient of 7ϫ10 Ϫ27 cm 6 /s. In addition, we estimate the carrier capture efficiency into the wells to be ϳ52% and have demonstrated that carrier cooling, cross-well transport, and capture are complete within ϳ10 ps after excitation. © 1996 American Institute of Physics.
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As a consequence of their potential applications to such diverse areas as remote sensing, medical diagnostics, and infrared countermeasures, semiconductor lasers operating in the 2-5 m spectral region ͑midwave infrared͒ are currently the focus of intense research and development. A considerable subset of this research is focused on lasers with active regions composed of narrow-band-gap heterostructures of binary, ternary, and/or quaternary III-V compound semiconductors incorporating antimony. 1 For these narrow-gap active regions, Auger recombination rates determine the laser's operating temperature. Theoretical models of the effects of strain and quantum confinement indicate that band structure engineering can suppress Auger rates by several orders of magnitude. 2, 3 Measurements of recombination rates will test these models and may lead to significant reductions in the Auger rates, which would improve the threshold currents, power, and maximum operating temperatures of superlattice midwave infrared lasers. [4] [5] [6] In this letter, we describe measurements of carrier recombination in a multiple quantum well structure composed of GaInSb/InAs superlattice wells with AlGaSb barriers, a system currently of interest as the active region in 3-4 m diode lasers. 7 Time-resolved differential transmission measurements were conducted as a function of optically injected carrier density, and the temporal evolution of the transmission is analyzed in terms of a transient excess carrier density with dynamics governed by Shockley-Read-Hall, radiative, and Auger recombination. The measurements were performed using subpicosecond pulses from a mode-locked Ti:sapphire laser and synchronized, subpicosecond, midwave infrared pulses from an optical parametric oscillator.
The structure under investigation contains ten 225 Å quantum wells, each a type II GaInSb/InAs superlattice, consisting of five 33 Å Ga 0.75 In 0.25 Sb layers and four 15 Å InAs layers, separated with 400 Å Al 0.2 Ga 0.8 Sb barriers. The multiple quantum well is terminated at both ends by 1000 Å Al 0.2 Ga 0.8 Sb layers. The structure, which was grown by molecular beam epitaxy on an undoped GaSb substrate, is capped with 30 Å of GaSb. Although the superlattice is type II, sufficient electron-hole wave function overlap exists to provide large dipole matrix elements, as evidenced by strong, room-temperature photoluminescence peaking near 3.55 m. The band gap energy obtained from this measurement is approximately 330 meV.
The band structure of the GaInSb/InAs superlattice has been calculated using a 40 spin-dependent band, superlattice K-p model. 8, 9 The model predicts growth direction masses of 0.0307m 0 and 2.798m 0 , for the nϭ1 superlattice conduction and heavy-hole valence band, respectively. The in-plane masses are computed to be 0.026 m 0 and 0.0403m 0 for the conduction and heavy-hole valence band, respectively. A more detailed discussion of the growth and band structure of similar type II superlattices may be found elsewhere. 2, 3, 7 Measurements of the transient transmission of the structure were performed at room temperature using 140 fs pump pulses from a mode-locked Ti:sapphire laser operating at 830 nm and at a repetition rate of 76 MHz and 170 fs probe pulses from a synchronously-pumped optical parametric oscillator operating at 3.55 m. The details of this system have been described previously. 10 The pump pulses were focused to a radius ͑e Ϫ1 of peak intensity͒ of 42 m, and the probe pulses were focused on the center of the excited region of the sample with a radius of 27 m. The pump and probe were separately chopped, and the transmitted probe was detected with a liquid-nitrogen-cooled InSb detector. The output of this detector was processed through a pair of cascaded a͒ Also with Hughes Research Laboratories, Malibu, CA. b͒ Also with the Department of Electrical and Computer Engineering, University of Iowa. Electronic mail: thomas-boggess@uiowa.edu lock-in amplifiers separately tuned to the pump and probe chopping frequencies. Measurements of the probe transmission were conducted as a function of time delay between the pump and probe and as a function of pump power. Each intense 830 nm pump pulse injects free carriers high into the bands of the wells and barriers, creating a dense and hot carrier distribution initially localized near the surface of the epilayer. As this distribution rapidly cools and diffuses across the multiple quantum well structure, carriers are trapped in the wells, where they ultimately fill states near the band edge. Since the synchronized 3.55 m probe pulse interrogates these band edge states, we anticipate that the probe transmission will initially increase as the carriers accumulate in the wells. Indeed, we observe a rapid bleaching of the probe absorption, which reaches a quasi-steady-state within approximately 10 ps. This behavior is illustrated in Fig. 1 , where we show the time-resolved differential transmission ͑ ⌬T/T 0 ͒ for short pump-probe delays and for peak internal pump photon fluxes ranging from ϳ3.4ϫ10
12 to ϳ5.6 ϫ10 13 cm
Ϫ2
. After a quasiequilibrium is established, the transmission gradually recovers to its unperturbed value as the electron-hole pairs recombine. This is illustrated in Fig.  2 , where we show ⌬T/T 0 for nanosecond time scales for the same range of pump photon fluxes as in Fig. 1 .
For small changes in transmission, ⌬T/T 0 Х⌬␣l, where l is the total length of the quantum well material. We use a band-filling model to describe the carrier-dependent absorption coefficient. When excitonic effects are neglected, the pump-induced change in the absorption coefficient at the probe wavelength is
where ␣ 0 is the linear absorption coefficient evaluated at the probe wavelength, and f e ͑f h ) is the time-dependent Fermi function evaluated at the states in the conduction ͑valence͒ band coupled optically by the probe. We emphasize that, for our experimental conditions, the carrier density has a radial dependence as a consequence of the Gaussian profile of the pump. In addition, we interrogate this distribution with a probe that also has a ͑narrower͒ Gaussian distribution, as well as broad ͑ϳ18 meV͒ spectral distribution. These factors are all included in the analysis of the differential transmission data. Knowledge of the initial carrier density in the wells is required to properly fit the data. Since not every optically injected electron-hole pair may ultimately be trapped in the wells, we define a capture efficiency, well , as the ratio of the actual density injected into the wells to the maximum possible density in the wells as determined by the pump photon flux and the total thickness of the wells, l. As indicated by Figs. 1 and 2 , for all pump powers, the recombination rate is much slower than the rate for establishing a cooled carrier distribution in the wells. Thus, the initial value of ⌬T/T 0 is independent of the recombination dynamics. Moreover, within the band-filling model, this quantity depends only on the linear absorption coefficient and, for a given internal pump photon flux, the capture efficiency, well . Hence, a fit to the pump-power dependence on the initial value of the differential transmission will yield the linear absorption coefficient and the capture efficiency. As illustrated in Fig. 3 , we obtain an excellent fit for a value of ␣ 0 ϭ1260 cm Ϫ1 and well ϭ52%. We then use the capture efficiency and internal photon flux to compute the initial carrier density in the wells, as indicated in the upper axis of Fig.  3 . Again, the procedure that we have applied to extract the initial carrier density is independent of the analysis of the long-time recombination dynamics, which we now describe. We analyze the data in Fig. 2 using a rate equation for the carrier density. After cross-well transport, cooling, and trapping are complete, the subsequent evolution of the carrier density in the wells is described by
where A, B, and C are the Shockley-Read-Hall, radiative, and Auger recombination coefficients, respectively. The latter corresponds to the sum of electron-electron and hole-hole contributions. The dynamics of ⌬␣ are determined by the evolution of the Fermi functions, which in turn is dictated by the carrier dynamics through Eq. ͑2͒. Hence, a fit to the time dependence of ⌬T/T 0 data will yield the coefficients A, B, and C. We fit the data for all pump powers using a single set of parameters, Aϭ2.4ϫ10 8 s Ϫ1 , Bϭ0, and Cϭ7ϫ10 Ϫ27 cm 6 /s, as illustrated by the solid curves in Fig. 2 . The calculated value of B for the GaInSb/InAs superlattice is 1.8ϫ10 Ϫ11 cm 3 /s. For the carrier densities used in our measurements, this small value had essentially no impact on the quality of the fits. When significantly larger values for B were included in the analysis, the curvature of the data could not be fit for all fluences.
We have used our K-p model of the superlattice band structure to compute an average Auger rate that is approximately a factor of 20 smaller than the measured value. The disparity is well in excess of the estimated factor of 4 uncertainty in our measured value of C. The calculation, however, is based on an infinite superlattice band structure, rather than the 4.5 period superlattice associated with this sample, and the calculated value is extremely sensitive to the precise details of the band structure. While this may be the sole source of the discrepancy, it is also possible that our analysis of the data has excluded processes that impact our determination of C. One such process, which is likely to be significant, is intervalence band absorption. We find that a reasonable fit to the data of Figs. 2 and 3 may still be obtained using an intervalence-band-absorption cross section no larger than
, approximately half the value predicted from calculations based on the infinite superlattice band structure. The fit to the data in Fig. 3 in this case requires an increase in the linear absorption coefficient to ϳ1450 cm Ϫ1 and a decrease in the capture efficiency to ϳ47%. The former brings the absorption coefficient into better agreement with the calculated value of ϳ1700 cm
Ϫ1
. The reduction in capture efficiency, however, implies a decrease in the initial carrier density in the wells. A fit to the time-dependent data, therefore, requires an increase in the Auger coefficient to 8.5ϫ10
Ϫ27 cm 6 /s, thus actually widening the disparity between the theoretical and measured values.
In summary, we have used subpicosecond midwave infrared pulses to measure the carrier recombination dynamics in a ͑GaInSb/InAs͒/AlGaSb superlattice multiple quantum well. We have shown that carrier cooling, cross-well transport, and capture result in a quasiequilibrium distribution within ϳ10 ps after excitation. By fitting the differential transmission over nanosecond time delays and over a range of initial carrier densities, we have measured a ShockleyRead-Hall rate of 2.4ϫ10 8 s Ϫ1 , an Auger coefficient of 7 ϫ10 Ϫ27 cm 6 /s, a capture efficiency for the quantum wells of 52%, and a linear absorption coefficient of 1260 cm Ϫ1 at the probe wavelength of 3.55 m. The value for the Auger coefficient is approximately a factor of 20 larger than the value calculated using an infinite superlattice band structure. We are currently modifying our band structure code to compute the energy bands for the 4.5 period superlattice multiple quantum well to further explore this discrepancy. Ϫ1 at the probe wavelength of 3.55 m. By using the internal pump photon flux, the total thickness of the quantum well material, and the extracted value of the capture efficiency, we obtain the peak carrier density within the quantum wells, as indicated on the upper axis of the figure.
